ABSTRACT. The ice algae community in the dynamic outer edge zone of the Davis Strait pack ice was investigated in April-May 1978. Surveys of the epontic community were made using a remote camera system, a fibrescope, an ice corer, and in situ Cl4 incubation chambers. The undersurfaces of the floes were generally flat, containing slight undulations and small depressions of up to 10 cm. In the bottom few centimetres a transition was noted from hard ice to more fragile, but still firm, crystalline ice.
INTRODUCTION
During the winter and spring months ice covers more than 6 0 % of the surface of Davis Strait. Phytoplankton biomass is low in the water column beneath the ice with chlorophyll a standing stocks of 0.002 to 0.01 gam-* (MacLaren Marex. 1979a). As only 3 4 % of the incident radiation penetrates to the underside of the floes (MacLaren Marex, 1979b) , primary production of phytoplankton in this area would also be expected to be low. It may, however, be supplemented by algae growing in association with the sea ice.
Sea ice algal communities have been reported from both the Arctic and Antarctic oceans (see review by Horner, 1976) . The productivity of ice algae has been measured in Antarctic pack ice (Burkholder and Mandelli, 1965; Bunt, 1968) , Bering Sea pack ice (McRoy and Goering, 1974) , Chukchi Sea fast ice at Barrow, Alaska (Clasby er al., 1973), and nearshore ice off Godhavn. Greenland (Andersen, 1977) . In all areas except the sea ice off Godhavn, the ice algae not only contribute a significant proportion of the total annual primary production of the region but also are the only concentration of algae available to grazers during the late winter-early spring months. The ice algae off Godhavn are a short-lived phenomenon, contributing only about 0.015% of the total annual production. However, Andersen (1977) felt that the algae in the sea ice could act as an inoculum for the spring phytoplankton bloom when the ice melts.
A primary objective of the present study was therefore to document the presence of sea ice algae in Davis Strait and measure its distribution, biomass, and productivity to compare with concurrent measurements being made on the phytoplankton (MacLaren Marex, 1979a,b) . A secondary objective was to describe the taxonomic composition of the ice algae to give some insight into its origin, fate, and relationship with the phytoplankton community. Physical and chemical analyses of the ice environment were also made to explore factors which may control the distribution and productivity of the ice algae. ' MacLaren Plansearch Limited, lo00 Windmill Road, Dartmouth, Nova Scotia, Canada B3B 1L7. Present Address: Department of Fisheries and
Oceans, Pacific Biological Station, Nanaimo, British Columbia, Canada V9R 5K6
DAVIS STRAIT PACK-ICE ALGAE METHODS
A.total of 17 stations was occupied in.the outer edge of the Davis Strait pack ice during April and May,-l978. These statiomwere situated between 60" and 64"N and restricted to the outer 50 km of the pack ice ( Fig. 1) -At each station, the local pack was described and the degree of ice cover estimated. Up to three floes were sketched, photographed, and measured. Physical characteristics such as rafting, ,cracking, erosion, snow depth, and drift pattern were described.
Access holes were bored on each of thechosen floes using a motorized ice auger. The bottom of the floe was .observed using an Olympus model IF 1 1 D2-10 industrial fibrescope with a 3 m probe. Photographs of the underside of the ice floe were obtained with a camera coupled. to the fibrescope and with a surface-operated Nikonos I1 camera lowered through the auger hole. The Olympus fibrescope-camera setup had the advantage .of allowing the investigator to observe the area being photographed; however, the resolution of the photograph was limited by the size of the optical fibres.
Quantitative samples of the interior and .undersurface of each floe were collected, using an S-9000-T SIPRE geostat corer (7.5 cm diameter) with carbide tips. For the final 15 cm of the core, the corer was rotated by hand to avoid excessive pressure on the last few centimetres of fragile ice which might cause sample loss from the bottom of the core. Both direct observation with the fibrescope of the floe bottom during coring and subsequent examination of the bottom section of the core showed that sample loss through coring was not a problem such as had been reported elsewhere (Alexander, 1974: Meguro el al., 1967).
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Eight cores were taken from each floe; two from each of two sites near the floe edge and four from a site in the centre. As the.ice flora .was restricted almost entirely to the bottom of the floe, the bottom 6 cm of six cores we,re sectioned off, melted at 25°C. and individually retained for analysis of chlorophyll a, nutrients, salinity, and taxonomic composition of the biota. Sections of the upper.portion.of one of the cores were retained for analysis of salinity, chlorophyll a , and nutrients. The bottom I-cm section was taken. from the seventh core to estimate the amount of. plant material and nutrients present at the lower ice surface. The eighth core was .kept frozen intact for reference.
On each floe a 5-L Niskin bottle was lowered through the central access hole and a sample of water was taken at the level of the waterlice interface for qualitative taxonomic and chemical comparison with the ice samples.
On six of the.floes. the bottom 5-cm sections of two 7.5 cm diameter ice cores were. divided in two longitudinally and placed in semi-circular plexiglass. incubation chambers (Fig.  2) . One half of ,each core was placed in a clear chamber, the other in an opaque chamber. Each chamber was then inoculated with 3 ml ( -15.0 pCi) prefiltered NaHI4CO,, filled with a measured amount of filtered sea water, and sealed with a watertight lid. At no time was the bottom section of the ice core exposed tadirect sunlight. The chambers were suspended for four hours under an undisturbed ice surface at least 1 m from any auger or core holes, with the core sections in their original orientation. All incubations were conducted between 0930 and 2045 hours.
During the incubation period, the total amount of photosyn- thetically active radiation (PAR) in the 400-700 pm wave band reaching the ice floe surface was measured using a Li-Cor quantum integrator. At the end of the incubation, the PAR was measured below the ice floe in the exact spot that the chambers had been suspended and compared with that reaching the ice floe surface to determine the percentage penetration. The average PAR reaching the incubators under the floe throughout the incubation period was then estimated from the average PAR at the surface of the floe and the fraction of that PAR which reached the bottom of the ice. Although the presence of ice algae on. the undersurface of the floe would diminish the amount of light reaching the incubation chamber, this would be accounted for in the light measurement.
After incubation, the core sect,ions were transferred to 300-ml glass jars, and were fixed with 1 'ml-0.4% HgCI. Cores were melted slowly in the dark and then filteredthrough 0.45
pm Millipore membrane filters. The filters were then stored in glassine envelopes in a desiccator at -20°C. At the end of the cruise the filters were acid-fumed, dissolved in fluor, and counted on a liquid scintillation counter. The scintillation. fluor consisted of equal parts toluene and ethylene glycol monoethyl ether with 8.4 g.L" PPO and 0.16 g-L-1 POPOP. Primary productivity rates measured during the experiment were converted to daily rates assuming a 12-hour day, which was roughly the time period each day when measurable light could be detected below the floes.
Nutrient concentrations (nitrate, nitrite, phosphate, and silicate) of melted. ice cores were measured using a Technicon Auto-Analyser 11. Salinity measurements were made using a Guildline 8400 Autosal Salinometer or standard titrations. Samples for chlorophyll analysis were filtered through glass fibre filters (Gelman A/E). Chlorophyll a, b; and c and phaeophytin concentration were measured using the fluorometric and. trichromatic techniques (Yentsch and Menzel, 1963: Holm-Hansen et al., 1965; Jeffrey and Humphrey, 1975; Jensen, 1978) .
A 50-ml. subsample of the bottom 6 cm of core samples was preserved in Lugol's solution and.counted using the standard Utermiihl inverted microscope technique ( U t e m h l , 1958). Pennate diatoms were examined under a phase contrast microscope at lOOOx magnification after the subsamples were cleared of all organic matter using the technique of Hasle and Fryxell (1970) , and mounted on styrax mounting medium (Czamecki and Williams, 1972) .
Preliminary data and ancillary information for this study are contained in MacLaren Atlantic (1977) and MacLaren Marex (1979a,b) .
RESULTS-AND DISCUSSION
Davis Sirait Pack Ice
Three zones of ice coverage are typical of the Davis Strait study area: a relatively heavy comer of pack ice extending east from the Canadian coast; a highly dynamic edge zone; and open water. The location and extent of ice cover 1/10 or greater during the study is illustrated in. Figure 1 . The ice cover encountered during this study was slightly greater than average for the area (U.S. Naval Oceanographic Office, 1968): Sampling and experiments carried out in this study were limited to the ice edge zone.
The dynamic nature of the ice coverage in the area was evident throughout the cruise, but particularly in the edge zone. This zone was characterized by long "strings" of ice.floes extending out from the.main pack. into open water. Within hours the combined effect of wind and current could significantly alter the type of coverage at a given location. The mobility of individual floes was evident particularly on one occasion when a displacement of 21 km was noted over an 18-h period.
Most of the floes observed had flat top surfaces, though on some floes rafting had occurred around part or all of the circumference. Floes were generally covered with a thin crusty layer of snow and occasionally snowbanks of up to 40 cm were observed, usually in the lee of projecting rafted ice. In several cases, all or part of the floe surface had been washed over by waves, transforming the snow cover into ice.
The underside of most floes was relatively flat with a smooth bottom-edge. On a small scale, the bottom .surface features varied from slight undulations to small depressions of up to 10 cm in depth. When viewed at close range, floe bottoms had a glassy appearance and were pocked with the ends of tiny smooth-edged brine channels.
The internal structure ofthe ice consisted of brine channels from top to bottom. Several times, larger pockets of soft ice or slush with high-sal.inity levels were encountered while coring. The "slush" layer reported from the Antarctic pack ice. (Bunt and Lee, 1970) and to a much lesser extent in Arctic fast ice (Homer, pers. comm. 1978 ) was absent; however, there was a transition within the bottom 2-3 cm from hard ice .to a more fragile crystalline ice as had been reported elsewhere in the Arctic (Alexander et al., 1974; Hsaio, 1980) . Stalactites reported to occur under fast sea ice (Green and Steele, 1975; Lewis and Milne, 1977) were not observed.
The average mean thickness of the 34 floes studied was 125 c m ; floe mean thicknesses ranged 'from .32 to 265 cm. The single longest core was 355 cm. The majority of the floes.were between I 0 0 and 1 6 0 cm thick with no rafting: It seemed likely that thicker ice was farmed by rafting of two floes.
Distribution and Productiviry of the Ice Algae
Visual examination of the underside of the ice floes by camera and fibrescope revealed a highly patchy distribution of epontic flora on any one floe (Fig. 3) . This patchiness was reflected in the range and variance of the chlorophyll concentration over a floe ( Table I ) .
Although there was no statistical difference between the mean epontic chlorophyll concentrations of the study floes. certain trends were discernible. Epontic chlorophyll concentrations tended to decrease from south to north during both April and May, presumably in response to latitudinal variation in available light. The epontic bloom was in the early stages of development in April; the only area with a high mean chlorophyll concentration was just south of 60"N on 16 April at Station 59A. In May there was an overall increase in epontic chlorophyll concentrations, the highest concentrations again being found in the southwest portion of the Davis Strait pack By the end of the sampli.ng period (late May), the ice algae bloom had begun to "slough off" the melting ice floes in the southern area, indicating that the bloom was approaching termination.
As reported in other areas of the Arctic (Clasby et af., 1973) the epontic algal community in the Davis Strait pack ice was almost entirely restricted to the bottom few centimetres ofthe ice floes. From 50 to 1 0 0 % of the chlorophyll a in the bottom 6 cm of cores was found in the lowest 1 cm of the ice (Table 1) with a maximum concentration of 467 mg chl ~. m -~ measured from the bottom 1 cm of one core. The average concentration of chlorophyll a in the bottom 6 cm of Davis Strait pack ice over the April-May period was 10.24 mg chl ~. m -~ which, on an areal basis, is equivalent to 0.61 mg chl This biomass is lower than that reached by the more northern epontic algal communities in the fast ice around Barrow, Alaska and Devon Island, Canada, but was similar to the chlorophyll a biomasses recorded in young (< IO days old) ice at Godhavn, West Greenland, during-the early stages of the epntic bloom in Bering Sea ice, and under fast ice in Frobisher Bay (Table  2 ). I n . contrast, Antarctic ice algae communities have a biomass of chlorophyll a almost an.order of magnitude higher than-that observed in this.study (Table 2 ).
The daily primary production rate of the epontic community in Davis Strait .ranged from 0.003 to 2.36 mg C-m-2.d-i (Table  3 ). The maximum daily production was one to two orders of magnitude less than.the maximum rates recorded from the sea ice communities of the Antarctic pack ice and the fast ice of the Chukchi Sea (Table 4 ). However, rates were similar to those recorded in 8-to 10-day-old sea ice along the west coast of Greenland at Godhavn, and in the Bering Sea pack ice during the early stages of the epontic bloom in April. (Table 4) . Areal primary production rates measured in the water column under sea ice in the Bering Sea and at Godhavn, West Greenland. were of a . similar order of magnitude to. that of. the epontic algae, whereas in the Chukchi Sea at Barrow, Alaska, they were an order of magnitude lower ( Table  4) . Under ice, plankton production rates were not measured in.Davis Strait; however, the low light levels under the ice (Table 5 ) indicate that production would be low.
The Davis Strait epontic algae were adapted to low light levels as shown by the ratio of primary productivity to chlorophyll a concentration (P/B) which was two to three orders of magnitude lower at light intensities of greater than 20 pE.m-2.s-i than at intensities of less than 4 pE.m-2.s-' (Table  3) . However, even the P/B ratios measured at the lower light intensities (0.02 to 0.26 mg C.(mg chl u)-'.h-') were low in comparison to other polar plankton and ice algae communities (Table 4 ). The actual rate of primary production by the epontic algae in the Davis Strait pack ice may, however, be somewhat higher than the rates measured. The degree of penetration of I4C into the firm bottom ice of the Davis Strait pack ice is undoubtedly less than that in the loose slush of the Antarctic (Bunt and Lee, 1970) or the soft bottom of the Chukchi Sea at Barrow, Alaska (Clasby er al., 1973) .
Maximum primary production was measured at an average PAR of 1.8 pE.rn-*.s-l and may have been inhibited at high light levels. In the epontic community at Point Barrow, Alaska, light levels of 2.8 and 1 1.4 pE.m-*.s-' were required to initiate primary production (Alexander et al., 1974) . In the Antarctic, Bunt (1974) reported initiation of primary production of epontic algae at 1.15 pE-m-2.s-1, light satuaration at 2.3 pE.m-2.s-l, and inhibition at 23 to 230pE-m-2.s-I. Epontic algae thus form a shade-adapted community which can fix inorganic carbon at very low light intensities. Although light may have limited algal growth under some snow-covered floes where only 0.09-7.5% of incident PAR was transmitted (Table  5) , these measurements do not include light absorbed by the algae, which can amount to 16% of the surface light (Matheke and Homer, 1974) ; the actual amount of light reaching the epontic algae may thus have been higher.
The salinity values of melted sections of floe ice cores usually decreased from top to bottom. Average salinity values in the top, middle, and bottom sections of the ice floes were 7. 04, 5.83. and 5.35,/,, respectively. When ice forms, salt is rejected from the pure crystal structure and trapped in brine pockets and channels between the ice crystals. Alexander et al. (1974) reported a salinity range of 20-39%, for interstitial sea ice brine at Barrow, Alaska, whereas Lewis and Milne (1977) measured salinities of 62-68 '/,, in brine dripping from old sea stalactites. If a median value of 50%, is taken for the salinity of the interstitial brine in Davis Strait sea ice, then the brine would constitute approximately 7-10% of the volume of the melted ice core.
Nutrient concentrations showed no consistent vertical gradients in the ice cores but tended to be both higher and more variable in the bottom 6 cm. The nutrient concentrations recorded in Table 6 are those measured in the melted bottom 6-cm core sections, and thus the concentrations seen by the algal cells in the interstitial brine could be 10-15 times these values. Nutrients did not appear to be a limiting factor to primary production.
Species Composition
The flora in the bottom 6 cm of the ice consisted of two components (Table 7) : attached forms, mainly pennate diatoms; and non-attached forms frozen into the ice matrix or in free suspension in brine pockets. At stations where the epontic bloom had commenced the pennate diatoms were overwhelmingly dominant. A similar type of two component epontic flora has been described for the Antarctic (Bunt and Wood, 19631, Chukchi Sea (Alexander et ul., 1974) , West Greenland (Vanhoffen, 1897) . and East Greenland (Barents and Polar seas) (Gran, 1904) .
The non-attached component of the ice flora consisted mainly of non-viable neritic phytoplankton (mostly centric diatoms) and their spores which were probably frozen into the ice the previous fall. A large (80-100 pm) "euglenoid-type" flagellate (Flagellate # I ) was frequently observed as part of the epontic community, always appearing in a healthy state. This frozen-in planktonic component was dominant only at "prebloom" tloes, e.g. at Station 42, Floe 1 ( Table 7) . On this floe 42% of the cells were Chuetoceros spores and the ice had a mean chlorophyll u concentration of only 0.41 mg.m-3.
Two other rarely observed ice algae communities were also noted in Davis Strait pack ice, in the middle and on the surface of the floes. The middle ice community was observed only (Table 7) nor were they observed in surface water samples taken adjacent to the floe. It is probable that in situ development had'occurred from a small planktonic "seed" population. Previous workers in the Antarctic (Buinitskiy, 1968; Hoshiai, 1972 Hoshiai, , 1977 Fukushima and Meguro, 1966; Ackley et ul., 1979) described the regular Occurrence of a concentration of algae in the middle layer of the ice floe near the snowlice interface. Ackley et ul. (1979) called this the "interior community".
Seeding of the surface of the ice by planktonic algae was observed at Station 27 (Floe 2 on 6 May), when one edge of the floe was washed over by surrounding surface water. Samples of surface ice taken from the floe before and after the incident showed that planktonic algae had been frozen in the previously barren ice surface. This phenomenon has been described in Antarctic waters (Fukushima and Meguro, 1966) , where it is thought to be a frequent and significant occurrence. In another instance, the surface of a honeycombed block of ice adjacent to Floe 2 at Station 60/59 was covered with large patches of a filamentous mat of Melosiru arcticu. The mat also contained large numbers of Coscinodiscus sp. and Gymnodium sp. The bottom flora of the floe was a completely different community dominated by Nitzschiu frigidu and Pleurosigmu ungulutum. Massive mucilaginous accumulations of Melosiru urcticu on the undersides of ice floes have been reported from the northern Barents Sea (Usachev, 1949) . Brown ice surface, which did not result from overturned floes, was observed only twice on the present cruise, however, and this ice floe surface community is probably a rare and insignificant one in the Davis Strait. Without the insulation of snow or ice cover such as that found in the Antarctic (Meguro. 1962) , the extreme cold, low salinity, and high light intensity of this habitat would make the survival of algae unlikely.
Phytoplankton sampled from directly below the ice and at nearby hydrographic stations had a species composition different from that of the epontic community (MacLaren Marex, 1979b) . The only exception to this was at Floe 3, Station 49/59, on 16 May, where comparatively high numbers of apparently healthy epontic algae, typical of the local ice community, were collected from the water beneath the floe. The chlorophyll u concentration in the water below the floe was low at this time (0.36 mg.m-3) while in the bottom 6 cm of the ice it was very high and variable, ranging from' 18. I3 to 160.43 mg.m-3. It appears that the epontic algae were sloughing off the bottom of the floe into the water below.
The dominant genera of the Davis Strait pack ice epontic flora were Nuviculu, Nitzschia, and Pleurosigmu (Table 7) . Numerical analysis of the epontic algae community on five floes in "bloom" condition showed that -the two dominant species, Navicula trunsituns var. derusa and Nitzschiu frigidu were also the most uniformly Occurring species ( ' P P P P Navicula Grun. P P N. crucigeroides Hust. P P P P P N. directa (W. Sm.)Ralfs
C1. P N. sibirica (Grun.)Cl. P C P C P C C C N. subinflnta Grun.
N. spp. P P P P P P P P P P P P Nitzschia closterium (Ehrb.)W.Sm.
. P P P P N. cylindrus (Grun.)Hasle P P N. delicatissima C1.
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Pinnularia sp. only epontic algal species which were also regularly observed The uniqueness of the epontic flora has been documented by in the plankton, though they were never abundant there. Many other workers (Andersen, 1977: Bunt and Wood, 1963; Gran, of the epontic algae were never found in the plankton samples; 1904; Horner. 1976; Meguro et a / . , 1967). The dominant however, their occurrence on the floes was often sporadic genera and in some cases species are remarkably similar in dif- (Table 7) indicating that they would be a rare element of the ferent areas of the Arctic. This phenomenon has been previplankton and therefore easily missed in sampling.
ously noted (Usachev, 1949) and such species have been termed "cryophiles". Ice species must be adapted to low light levels (Bunt, 1967 : Alexander et uf., 1974 , low temperature (Bunt el u l . , 1966), and fluctuating salinity regimes (Grant and Horner, 1976) , and to life on an inverted substrate.
CONCLUSIONS
Significance of the Epontic Community ofthe Ice Edge Zone
The total contribution of the epontic algae to the primary production of the Davis Strait may be only grossly estimated owing to the high spatial variability both of this community and of the pack ice. Since no sampling or experiments were carried out in the main pack zone (the major portion of the icecovered area in the Davis Strait), estimates of biomass and productivity are presented for the ice edge zone only.
Total primary production in the 50-km edge zone of the pack ice was calculated from the estimates of total biomass of epontic chlorophyll a and the production rate per unit chlorophyll u (P/B) of the epontic algae. The total area of the 50-km strip along the edge of the pack was approximately 3.2 X lo4 km2 and average biomass of epontic chlorophyll a was 0.6 mg.m-*, giving a total ice-edge zone chlorophyll biomass of 2 x lo7 e.
The average ratio of P/B for the epontic algae was 1 g.C.(g chl a)-' .d-l. Average daily production in the 50-km strip of the ice edge zone was therefore about 7 X lo7 g C, with a possible maximum about three times higher.
Primary production of the plankton in the ice-freelloose pack area of Davis Strait in 1978 was 1.68 X 1O'O g C in April and 4.74 X 1010 g C in May (MacLaren Marex, 1979a) , two to three orders of magnitude greater than that of the epontic pack ice edge community at that time. On an annual basis this relative contribution would be even less, as epontic algal production probably only occurs for 2.5 months a year, from midMarch to the end of May.
Epontic algal production may make a larger contribution to total production in the nearshore fast-ice environment, or in the high Arctic where the open-water season is short and where phytoplankton production is limited accordingly. Grainger (1975) estimated that approximately 10% of the annual production in protected coastal embayments may be contributed by the epontic algae. Although the contribution by the epontic community to the total primary production of the Davis Strait is probably small, other factors must be taken into consideration in an assessment of its relative significance in the ecosystem. The concentration of the community into dense, essentially twodimensional patches increases its availability both to the grazers unique to this community and to the zooplankton in the water below. Epontic algae have been found in the guts and/or fecal pellets of grazers from both of these communities (MacLaren Marex, 1979b) . As the epontic algae bloom develops before the phytoplankton bloom and is the only concentration of algae below heavy pack ice, it may extend the season of food availability to grazers in the area which can utilize it. The ice algal bloom, then, appears to provide a method by which both the period and quantity of plant production is increased and made available to higher trophic levels.
